The anaesthetic effect of carbon dioxide (C02) was investigated under predetermined exposure times in rats, mice and guineapigs with admixture of 20% of oxygen (02), and with 20% of ambient air in rats. In rats first symptoms (median) were detectable between 7 and 9.5 s, the induction time (median) varied between 16 and 20.5 s and the surgical tolerance (medianl was 40 s (after 60 s of exposure) and 53.5 s (after 120 s of exposure) to 80% CO2/20% O2. When O2 was replaced by ambient air, a surgical tolerance of 53.5 s (after 60 s of exposure) and 77 s (after 120 s of exposure) was measured. In mice the induction time to 80% CO2/20% O2 was 10 s and the surgical tolerance 19.5 s (after 120 s of exposure). Guineapigs showed an induction period of 20 s and a surgical tolerance of 50 s (after 30 s of exposurej to 80% CO2/02. Recovery was short and smooth in all species. This method of general anaesthesia seems to be suitable for short and painful interventions, mainly in rats, but also in guineapigs.
Carbon dioxide is a widespread natural gas originating from oxidative processes such as burning, body metabolism and oxidation of organic material. The gas is colourless and in low concentration scentless. As the molecular weight of CO2 is higher than that of ambient air, CO2 accumulates at the bottom of anaesthetic chambers and rooms.
Carbon dioxide is the most important respiratory stimulant and under physiological conditions the main factor for the regulation of pulmonary ventilation (Comroe 1965) .The arterial CO2 concentration is kept at a constant level (~4. 8-4.9 kPa=~5%l. An increased CO2 concentration in the blood or in the inspired air is immediately registered by CO2 receptors and answered with increased pulmonary ventilation (Wittke 1969) . CO2 diffuses very easily between pul-Correspondence to: 1. Kohler monary vessels and alveoli enabling a very quick CO2 uptake and elimination. For many years, CO2 has been used to stimulate the respiration of human neonates. Its use during general anaesthesia has been suggested to prevent postoperative atelectasis in man (Prausnitz 1928 ). CO2 concentrations above 7.5% increase the pain perception threshold (Working Party Report 1996) . In mammals unconsciousness seems to occur at inspired· concentrations of 15-20% (Mattson 1972) .
The anaesthetic effect of CO2 is caused by rapidly occurring acidosis in the cerebrospinal fluid since the anaesthetic depth correlates with the pH of the cerebrospinal fluid (Meyer et al. 1961 , Meyer et al. 1966 , Eisele et al. 1967 . Prolonged inspiration of 40-45% CO2 induces apnoea and, later on, cardiac arrest (Graham et al. 1960). Carbon dioxide anaesthesia has routinely been used in man (La Verne 1958/ and has been judged very satisfactory (Mac Rae 1958). However, this method is no longer used for routine anaesthesia in man because the use of potent inhalational anaesthetics has been established. CO2 is widely used for animal euthanasia (Working Party Report 1996 , 1997 . Its use in high concentrations for the stunning of slaughter pigs has been established worldwide in the last decades, although the opinions concerning the animal welfare issues in relation to this method still remain controversial (Mullenax & Dougherty 1963 , Cantieni 1976 , Wernberg 1978 , Hertrampf & von Mickwitz 1979 , Lomholt 1980 , 1983 , Forslid 1987 , Zeller et a1. 1987 , Erhardt 1989 , Blackmore 1993 . Due to the lack of better (mechanically acting) alternatives this method still has to be tolerated (Schatzmann 1988) . With few restrictions CO2 is recommended for the euthanasia of smalllaboratory animals (Council Report 1993 , Dannemann et a1. 1994 , Schatzmann et a1. 1994 , Coenen et a1. 1995 , Working Party Report 1997 .
Studies on short-term anaesthesia and euthanasia with CO2 for small laboratory animals have been published by several authors IBendersky 1904, Hyde 1962 , Petty & Sulkowski 1971a ,b, Lane-Petter 1976 , Abel & Bartling 1978 , Fowler et a1. 1979 , Green 1979 , Kurosawa et a1. 1981 , Forslid et a1. 1986 , Blackshaw et a1. 1988 , Fenwick & Blackshaw 1989 , Urbanski & Kelly 1991 , Dannemann et a1. 1994 , Fodor 1995 . A fast onset and a short phase of surgical tolerance and fast recovery are consistently reported, whereas some species-specific differences are mentioned. The use of a CO2/02 gas mixture has improved the induction phase and reduces asphyxia (Coenen et a1. 1994 , Working Party Report 1996 , but no advantage of oxygen supplementation is also reported (Hewett et a1. 1993 ). An airtight and, if possible, transparent anaesthetic chamber with an opening at the top is needed, in which CO2 or a mixture of CO2/02 gas can be administered (Hornett & Haynes 1984) . The use of solid CO2 as a CO2 source is not approved because unknown CO2 concentrations are reached and the low temperature of dry ice additionally stresses the animals (Working Party Report 1996). As the molecular weight of CO2 is higher than that of ambient air, anaesthesia can be induced in a small open chamber. Measurements have shown, however, that manipulations in the chamber markedly decrease CO2 concentration and a relatively large chamber (i.e. 200 I) is needed to maintain a predetermined gas concentration (Zeller et a1. 1988 , Meier 1994 . Controversy exists on whether the animals should be brought into the pre filled chamber or if the gas should be introduced after the animals have been placed into the chamber (Hewett et a1. 1993 , Working Party Report 1996 . From earlier investigations it has become clear that the pre filling of the chamber, together with a constant gas flow (e.g. 10 l/min), keeps the CO2 concentration constant within a range of ±5% (Meier 1994) .
The aim of our study was to determine whether with a concentration of 80% CO2/20% O2 in rats, mice and guineapigs, and 80% CO2/ambient air in rats, short-term anaesthesia can be induced, and to evaluate whether this method meets the animal welfare requirements (fast and painless induction and recovery, surgical tolerance stage). The duration of surgical tolerance and a possible mortality rate under standardized CO2 concentrations and exposure times had also to be investigated.
Materials and methods

Animals
One hundred and thirteen TIF-RAI rats of both sexes with a body weight of 200-450 g, 60 TIF-MAG mice of both sexes with a body weight of 30-40 g, and 43 TIF-DHP guineapigs of both sexes with a body weight of 460-640 g were included in the study. The mice and rats were single housed in macrolone cages (types II (25 x 19 x 14 em) and III (41 x 25 x 15 em), respectively), and the guineapigs in groups (five animals per 412 cm 2 , 75 x 55 x 25 em) in conventional housing. All animals were sawdust bedded with changes in rats and mice once per week (Friday) and in guineapigs three times per week (Monday, Wednesday, Friday). All animals had free access to water and food (mice Eighty per cent CO2 with and without oxygen supplementation induced a reversible state of unconsciousness and surgical tolerance. Due to the considerable species-specific differences our observations are discussed separately.
Results
Rats
In both gas mixtures the animals showed relatively uniform signs. First visible signs of the"gas effect occurred within a few seconds (Table 2) : the animals stopped exploring the chamber, partly reared at the side wall, showed signs of increased ventilatory activity, ataxia, and variably pronounced mild excitatory signs as soon as lateral recum- 
Methods
The animals were carefully positioned through the opening in the upper side of the chamber which was prefilled with the respective gas mixture (Table 1) . All animals were used for one experiment only. To provide constant gas concentrations during the whole experiment, flow rates of 5-15 ljmin were administered. The behaviour of the animals was observed and/or recorded on a videotape. The following time intervals (in seconds) were determined with a stop-watch:
(1) First symptoms: from placing the animal into the chamber to the first detectable reactions (other than normal, i.e. hyperventilation). 
Materials
For the oxygen-supplemented experiments an 80% CO2/20% O2 mixture (Carbagas, Liebefeld, Switzerland) was used. For the experiments without oxygen supplementation pure CO2 was admixed to ambient air through a gas mixture device (Witt-KM-lOO-3M/MEM, Carbagas, Liebefeld, Switzerland). A pressure reducing valve and a flow meter were connected to all gas cylinders. The gas mixture in the induction chamber was continuously kept at the required level (Witt-MFA-02/C02, Carbagas, Liebefeld, Switzerland; Servomed 1400B, Dr Muller, Esslingen, Switzerland). A commercially available 23 I acrylic glass chamber (Provet AG, Lyssach, Switzerland) or a covered glass aquarium with a content of 203 I were used as induction chambers. 
Guineapigs
The' guineapigs remained in their position or walked a few steps. After a short phase of hyperventilation without noticeable excita-bency was achieved. The duration of induction ranged between 16 and 20.5 s only. After 120 s of exposure the duration of surgical tolerance was significantly longer than after 60 s of exposure to 80% CO2/02. The fast return of reflexes was followed by a smooth and very short recovery. All animals remained sedated for 20 min. One animal out of 14 died after 120 s of exposure to 80% CO2/ambient air.
Mice
The behaviour of the mice was only slightly different from what can be observed when they are brought to a new environment. First signs of a reaction were hyperventilation and ataxia, immediately followed by full immobility. No signs of airway irritation (no cleaning of the nose) were detectable. During exposure marked hyperventilation was observed. No apnoea was induced. After removal from the chamber all animals showed surgical tolerance (Table3). The mice turned to sternal recumbency between 30 and 35 s after removal from the gas and remained sedated. tion the head was dropped to the ground and lateral recumbency was achieved. No movement of the limbs was observed. All animals became apnoeic. Spontaneous respiration, however, returned after the animals were removed from the chamber. The guineapigs recovered within 50 to 70 s and remained sedated. Two animals out of 43 died 30 min after having recovered (Table 41. 80% CO2/20% O2 43 30
The results of our study are comparable with earlier published data (Bendersky 1904 , Hyde 1962 01. 1994 01. , Fodor 1995 .A high inspiratory CO2 concentration quickly induces unconsciousness in small laboratory animals, followed by a stage of surgical tolerance, and fast recovery. The selection of the CO2 concentration used in this study was based on the results of previous experiments by Meier (1994) .In rats no stage of surgical tolerance could be achieved with 20% and 40% of CO2, According to earlier findings (Council Report 1993) 20% CO2 induces only a sedative and 
Discussion
Exposure time
No. of animals analeptic action. With a CO2 concentration of 40% the induction phase was prolonged and a more pronounced stage of excitation was described. Two rats out of eight exposed for 30 s and all three rats exposed for 60 s to pure CO2 did not recover (Meier 1994) . Surgical tolerance of rats, mice and guineapigs after exposure to 60% CO2 was much shorter than to 80% CO2 (Meier 19941 . Due to these experiences in our study the anaesthetic action of CO2 was investigated at a concentration of 80% in rats with and without 20% of oxygen supplementation, and in mice and guineapigs with oxygen supplementation only. The selection of the exposure times was also based on the results of Meier (1994) .
Compared to other inhalational anaesthetics such as halothane and isoflurane, CO2 induces a state of unconsciousness remarkably quickly. This observation seems to be related to the very easy diffusion of CO2 between alveoli and pulmonary vessels (Prausnitz 1928) and the blood/gas partition coefficient of inhalational anaesthetics which is 2.4 for halothane and 1.4 for isoflurane (Eger 1994) . Based on our subjective observations and in accordance with other authors (Council Report 1993 , Working Party Report 1996 we conclude that the discomfort during induction for smalllaboratory animals remains within an acceptable range.
Without any exception, the animals were placed into the anaesthetic chamber after it had been prefilled with a predetermined CO2 concentration to provide a comparable base for the rating of the action of the different concentrations. Abel and Bartling (1977) and the Working Party Report 11996) describe a slower and a less clearly defined and therefore not standardizable onset of action depending on the flow velocity of CO2 mixtures into the anaesthetic chamber. Routine anaesthesia is considerably eased with constant exposure times because no individual reactions of the animals have to be considered. The admixture of O2 seems to be absolutely necessary to provide a sufficient inspiratory O2 partial pressure (Coenen et al. 1994) . Already low CO2 concentrations cause an insufficient oxygen content in the inspired air and therefore hypoxia. Although the 159 admixture of O2 may not be of major importance for animal welfare requirements for euthanasia, for safe and reversible anaesthesia it is essential. The Working Party Report (1996) also proposes the admixture of pure O2 to reduce agitation and asphyxia. According to Meier (1994) dyspnoea is more pronounced without oxygen supplementation. Whether an insufficient O2 supply becomes clinically manifest after a few seconds, has to be questioned. The stage of surgical tolerance in rats was markedly longer without O2 supplementation. It can therefore be concluded that hypoxia during induction may influence the recovery phase. CO2 anaesthesia therefore always has to be supplied with oxygen. It should also be noted that the animals that died were in the groups which received no oxygen admixture. Based on EEG recordings, it can be assumed that the animals are unconscious during the time they show surgical tolerance (Working Party Report 1996) .
In rats the duration of anaesthesia after removal from the induction chamber varies between 40 and SO s and may be sufficient for short, painful interventions such as heart puncture, retro-orbital blood sampling or for short duration immobilization. We therefore consider for this species an exposure time of 60 s as optimum. With this method no deaths occurred in more than 100 animals included in our study. Also (not investigated in our study) a prolonged antinociception for 10-60 min after exposure is reported (Mischler et al. 19941. In mice CO2 induces a fast onset of unconsciousness and recovery. The very short stage of surgical tolerance might be based on their high ventilatory rate (Flecknell 1987) . Due to its very short action, it is doubtful, whether CO2 anaesthesia is suitable for this species.
In guinea pigs the induction of anaesthesia was quiet and without excitation. Induction time and duration of surgical tolerance were similar to those of the rat, providing anaesthesia for short painful interventions (e.g. heart puncture). The fact that we lost two out of 43 animals in the postanaesthetic period after exposure to 80% CO2 indicates that this CO2 concentration might be too high for safe anaesthesia in this species. Further experiments are needed with more guineapigs, however. Hoar (1969) reported only one death from more than 1000 anaesthesias, using dry ice as the CO2 source (unknown CO2 concentrationj.
From our experiments it can be concluded that the inhalation of 80% CO2 supplied with 20% O2 induces an acceptable anaesthesia of short duration, mainly for rats, but also for guineapigs.
